Objective: Saturated and trans fat consumption is associated with increased cardiovascular disease (CVD) risk. Current dietary guidelines recommend low fat and significantly reduced trans fat intake. Full fat dairy can worsen dyslipidemia, but recent epidemiological studies show fullfat dairy consumption may reduce diabetes and CVD risk. This dairy paradox prompted a reassessment of the dietary guidelines. The beneficial metabolic effects in dairy have been claimed for a ruminant-derived, trans fatty acid, trans-C16:1n-7 or trans-palmitoleate (trans-PAO). A close relative, cis-PAO, is produced by de novo lipogenesis and mediates inter-organ crosstalk, improving insulin-sensitivity and alleviating atherosclerosis in mice. These findings suggest trans-PAO may be a useful substitute for full fat dairy, but a metabolic function for trans-PAO has not been shown to date. Methods: Using lipidomics, we directly investigated trans-PAO's impact on plasma and tissue lipid profiles in a hypercholesterolemic atherosclerosis mouse model. Furthermore, we investigated trans-PAO's impact on hyperlipidemia-induced inflammation and atherosclerosis progression in these mice. Results: Oral trans-PAO supplementation led to significant incorporation of trans-PAO into major lipid species in plasma and tissues. Unlike cis-PAO, however, trans-PAO did not prevent organelle stress and inflammation in macrophages or atherosclerosis progression in mice. Conclusions: A significant, inverse correlation between circulating trans-PAO levels and diabetes incidence and cardiovascular mortality has been reported. Our findings show that trans-PAO can incorporate efficiently into the same pools that its cis counterpart is known to incorporate into. However, we found trans-PAO's anti-inflammatory and anti-atherosclerotic effects are muted due to its different structure from cis-PAO.
INTRODUCTION
Diet is a significant modifier of cardiovascular (CVD) and diabetes risk. The health effects of dietary fats are researched extensively and findings from these studies have been shaping the dietary guidelines. Compelling evidence suggests that a significant reduction in CVD risk can be achieved by replacing saturated fatty acids (SFA) with mono-or poly-unsaturated fatty acids (MUFA or PUFA, respectively) [1] . Moreover, studies consistently associate industrial trans fatty acids (TFA), fatty acid isoforms bearing a trans configuration at the double bond, with a higher CVD risk [2e4] . Industrial TFA has also been linked to other complex diseases like diabetes, fatty liver disease, stroke, Alzheimer's disease, and cancer [3,5e9] . These negative associations have led to the assumption that TFA intake, regardless of its source and type, increases disease risk. However, different TFA subtypes or isomers can be obtained from a variety of dietary sources and they could have divergent metabolic effects [10] . One example is transpalmitoleate (trans-16:1n-7 or trans-PAO), a naturally-occurring TFA in full fat dairy, which has been associated with beneficial metabolic effects [11e13] . Increased circulating ruminant-derived trans-PAO levels mostly reflect dairy fat consumption, which has been associated with lower blood glucose levels, increased insulin sensitivity and overall a lower risk of type II diabetes [13, 14] . More recently, trans-PAO was associated with improved lipid profiles and lower CVD mortality and sudden cardiac death risk [4] . However, the notion that trans-PAO represents a beneficial type of trans-fat remains highly controversial and requires direct experimental evidence [11e13, 15e 17] . While trans-PAO's role in CVD is debated, its cis isoform has been associated with beneficial metabolic changes in humans and these metabolic benefits have been experimentally demonstrated in mice 1 [18e24]. Circulating cis-PAO produced by de novo lipogenesis (DNL) from the adipose has been shown to mediate inter-organ communication [25] . The beneficial metabolic effects of cis-PAO in high fat-fed mice include increased insulin sensitivity, suppressed hepatic gluconeogenesis, reduced vascular inflammation and atherosclerosis [12, 19, 20, 22, 23, 25] . It remains to be demonstrated that the two isomers of PAO impact immune-metabolic homeostasis and atherosclerosis in the same way. The primary impact of cis-PAO on atherosclerosis appears to be mediated by its anti-inflammatory actions and especially through preventing inflammasome activation [23] . Driven by hyperlipidemia, atherosclerosis is a chronic inflammatory disease impacting the blood vessel walls [26, 27] . Activation of the Nod-like receptor family, pyrin domain-containing 3 (NLRP3) inflammasome complex in macrophages by cholesterol crystals or saturated fatty acids (SFA), which can be found in these lesions, plays a crucial role in driving a chronic inflammatory response and atherogenesis [28e 30]. The inflammasome complex consists of NACHT, LRR, and PYD domainsecontaining protein (NALP), apoptosis-associated speck-like protein containing a caspase-1 recruitment domain (ASC), and caspase-1. Their assembly results in proteolytic cleavage of dormant pro-caspase-1 into active caspase-1, which transforms the precursors forms of IL-1b and IL-18 into mature and bioactive cytokines [23, 29, 31] . These cytokines can recruit innate immune cells to the site of infection and modulate adaptive immune cells to drive atherogenesis [31] . Cis-PAO can effectively reduce IL-1b and IL-18 in hyperlipdemic mice [23] . Inflammasome activation can occur in response to organelle stress such as endoplasmic reticulum (ER) and mitochondrial stress. ER stress can be triggered by disruption of ER functions (such as protein folding and calcium homeostasis), but also by excessive lipid flux (such as cholesterol or saturated fatty acids) into cells [32e35] . ER stress activates the inflammasome through various mechanisms including mobilization of intracellular calcium and the release of reactive oxygen species [23, 36] . Moreover, ER stress propagates mitochondrial oxidative stress and induces mitochondrial ROS (mtROS) production. In most metabolic stress conditions, ER and mitochondrial oxidative stress are intertwined and propagate each other [32, 37] . Just like inflammasome activation, stress in these two organelles plays a causal role in atherosclerosis [23, 29, 30, 36, 38, 39] . In response to ER stress, an elaborate, adaptive signaling is initiated from ER membranes, known as the Unfolded Protein Response (UPR), to re-establish homeostasis in the ER. Three UPR signaling branches are initiated by the ER stress sensors known as inositol-requiring enzyme-1 (IRE1), protein kinase RNA-like endoplasmic reticulum kinase (PERK) and activating transcription factor-6 (ATF6). UPR initiates a gene expression program that up-regulates the expression of chaperones and components of the ER-associated degradation pathway to promote protein folding or to remove misfolded proteins, respectively. Moreover, general protein translation is attenuated to reduce the protein load in the ER lumen [40, 41] . In addition to proteotoxic stress, high fat diets and hyperlipidemia can induce ER stress and activate of UPR pathways in vivo in mice and humans, playing a role in the pathogenesis of many complex, inflammatory and metabolic diseases [42e44] . Whereas in proteotoxic conditions, unfolded proteins activate IRE1 and PERK by recruiting away the glucose-regulated protein 78 (GRP78) from binding these UPR stress sensor's luminal domain, in lipotoxic conditions, the increased lipid levels are instead sensed by their transmembrane domains, inducing IRE1 and PERK oligomerization and activation through auto-phosphorylation [44e48]. Studies show that inhibition of UPR signaling arms initiated by either IRE1 or PERK prevents inflammasome activation and atherosclerosis in mice [36, 49, 50] . IRE1 and PERK arms have been shown to contribute to inflammasome activation by propagating mitochondrial oxidative stress and mtROS release [36, 49] . Oral supplementation with cis-PAO inhibits both hyperlipidemia-induced UPR signaling and NLRP3 inflammasome activation in macrophages in plaques, resulting in reduced atherosclerosis in mice. Mechanistically, cis-PAO supplementation leads to dynamic integration of this bioactive fatty acid into ER membranes in macrophages and tissues in mice, and prevents high fat-induced adverse remodeling of organelle membranes and subsequent UPR activation [23] . These findings have resulted in a great excitement that dietary supplementation with cis-PAO could prevent CVD. Moreover, recent human epidemiological studies suggest trans-PAO could mediate the beneficial metabolic effects that are associated with high fat dairy consumption. To date, there is no information about trans-PAO's impact on organelles or inflammation [11e13]. Here, we directly investigated trans-PAO's impact on lipid-induced inflammation and atherosclerosis in a hypercholesterolemic mouse model. Oral supplementation with trans-PAO in mice resulted in its dynamic integration into the major lipid species found in plasma and tissues. Trans-PAO supplementation did not prevent nor augment lipid-induced ER stress, inflammasome activation and atherosclerosis. These findings demonstrate that the cis double bond configuration is crucial for PAO's ability to remodel ER membranes and prevent organelle stress and inflammation, which underlies cis-PAO's atheroprotective action. Therefore, our findings on the two PAO isoforms provide critical guidance for future clinical trials that will continue to address PAO's potential for CVD prevention in humans.
MATERIALS AND METHODS

General study design
All cell culture experiments were performed as three independent biological replicates. Quantitative reverse transcript polymerase chain reaction (qRT-PCR) analysis was performed from four biological replicates. All the mouse experiments were performed as independent cohorts. The analysis of the in vivo experiments (such as atherosclerotic lesion analysis, or immunoflurescent and immunohistochemical staining quantifications) were preformed blind to sample identity. The only elimination criteria for the in vivo experiments was based on visible health changes mice and determined by the veterinarian.
Reagents and plasmid
Tissue culture reagents: L-glutamine, DMEM, PBS, HBSS, RPMI, penicillin/streptomycin (P/S), fetal bovine serum (FBS) and RPMI were obtained from Thermo Scientific HyClone. Trypsin-EDTA and HEPES were obtained from GIBCO. Ultrapure LPS, fatty acid-free BSA, palmitate, cis-palmitoleate, NaCl, EDTA, NaF, Triton, sodium orthovanadate (Na 3 VO 4 ), phenylmethanesulfonylfluoride (PMSF), and phosphatase inhibitor cocktail-3 were obtained from Sigma Aldrich. 
Cell cultures and treatmentMouse BMDM isolation
BMDM were isolated from the tibiae and femurs of mice and differentiated for five to seven days in RPMI-1640 growth medium enriched with %15 L929 cells (ATCC) conditioned medium. The differentiated BMDM cells were primed with 200 ng ultrapure LPS for 3 h, Then, cells were stimulated with ethanol-BSA (negative control), palmitate-BSA (500 mM, cis-palmitoleate-BSA (500 mM) or trans-palmitoleate-BSA (500 mM) for the indicated amounts of time. Proteins (from cells or conditioned medium) and RNA were isolated from the cells as described earlier [23] .Fatty acid-Bovine albumin serum complex Palmitate (500 mM in ethanol) was prepared as previously described and added to the cell media at indicated dose [49] .
Protein analysis
Protein lysates were prepared as described before [23, 36] . All lysates were run on SDS-PAGE gels, transferred to PVDF membranes, before blocking (in TBS with 0.1% Tween-20 (v/v) and 5% (w/v) dry milk or BSA). For cleaved caspase-1 and IL-1b detection: the conditioned medium was collected and mixed with 5X SDS loading dye, followed by heating at 95 C for 5 min before loading on SDS-PAGE gels. After secondary-HRP conjugated antibody incubation, all blots were developed using ECL prime reagent (GE Healthcare) and visualized by BioRAD MP imager.
RNA isolation and qRT-PCR
Total RNA was extracted with Trisure reagent (Bioline) and converted to cDNA with Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific). Using specific primers, cDNAs were amplified on Light Cycler 480II (Roche) or Rotor Gene (Qiagen). The formula that was used for calculating expression changes is as follows: (primer efficiency) ÀDDCt where DDCt means DCt (target gene) -DCt (reference gene) and Ct means (threshold cycle). Results are representative from three or more independent experiments that were quantified and analyzed by Student's t-test. The following primers were used mTNFa-Frw:5 0 -CATCTTCTCAAAATTCGAGTGACAA-3 0 ; mTNFa-Rev:5 0 -TGGGAGTAGACAAGGTACAACCC-3 0 ; mCCL2-Frw: 5 0 -CTTCTGGGCCTGCTGTTCA-3 0 mCCL2-Rev: 5 0 -CCAGCCTACTCATTGGGATCA-3 0 mGAPDH-Frw:5 0 -GTGAAGGTCGGTGTGAACG-3 0 ; mGAPDH-Rev: 5 0 -GGTCGTTGATGGCAACAATCTC -3 0 .
mtROS staining and quantification
For staining of mtROS production, MitoSOXÔ Red mitochondrial superoxide indicator (Life Technologies) was used as previously described [36] . Mitochondrial stainings were done with Mitotracker GreenFM (Life Technologies) according to the manufacturer's instructions. The images were analyzed with ImageJ program. The images were taken with Leica DMI 4000B equipped with Andor DSD2 spinning disk confocal microscope (Cagdas Son Lab, METU).
2.8. IRE1 oligomerization IRE1-3F6HGFP expressing HEK-293 stable cell lines were used as published [23] . 1 Â 10 6 cells HEK-293 stable cells on cover slips were treated with BSA (control), palmitate-BSA (500 mM), cis-palmitoleate-BSA (500 mM) or trans-palmitoleate-BSA (500 mM) alone or in combination for 6 h. Images of the cells were acquired on Leica DMI 4000B equipped with Andor DSD2 spinning disk confocal microscope (Cagdas Son Lab, Middle East Technical University, Ankara, Turkey). Oligomerization analysis was performed according to previously published protocols by counting IRE1 foci in >100 cells from multiple replicates for each treatment [23] .
Cytokine measurements
To quantify IL-1b amount in plasma, samples were diluted 1:1 using assay diluent A and ninety-six-well colorimetric "sandwich" ELISA plates (Abcam, mouse IL-1b ELISA kit) was used: Recombinant mouse IL-1b standard (100 ml of 2000e2.74 pg/ml) and 100 ml of diluted plasma samples were run in duplicate according to manufacturer's instructions. The absorbance was detected at 450 nm using plate readers. Results were calculated by Prism 8.1.2 (GraphPad Software Inc.).
Mouse models, dietary treatments, and experimental procedures
Animal care and experimental procedures were performed according to the local animal care and ethical review committee guidelines accepted at _ Ihsan Dogramaci Bilkent University. For our studies, Apoe À/À mice (Charles River) were used. Male mice were fed with Western diet from the age of week 8 for 12 weeks. Then, the mice were treated by oral gavage with vehicle (1% BSA in PBS) or 1400 mg/ kg/day cis or trans-PAO dissolved in vehicle for 4 weeks while continuing on Western diet. The mice weights were measured weekly and blood glucose measurements were done at the beginning and at the end of injections before sacrifice. The mouse sacrifice and tissue collection was described in detail in our previous publications [23, 36] .
En face aorta lesion analysis
Aortas were pinned on a black wax surface, and atherosclerotic lesions were analyzed in all aorta after Sudan IV staining as described earlier [23] . Lesion area was quantified using ImageJ and expressed as the percentage of SUDAN IV stained plaque area over the aortic area.
Plasma lipids and lipoprotein analysis
Mouse blood was obtained via heart puncture during sacrifice, centrifuged and plasma collected. Then, the plasma was analyzed by FPLC in the Mouse Metabolic Phenotyping Center at the University of Cincinnati. For the resolution of major lipoprotein classes from plasma, the columns were equilibrated in 50 mM PBS. Using a microtiter plate enzyme-based assay, the major lipoprotein classes were measured in cholesterol or triglyceride assays from collected fractions.
Lipidomic analysis
Lipidomic analysis of plasma and tissues including muscle, liver, and adipose tissue (control; n ¼ 5, trans-PAO; n ¼ 5, and cis-PAO; n ¼ 6) were done by Metabolon. The analysis was performed as previously described [18, 23] . Individual lipid species were quantified by taking the peak area ratios of target compounds and their assigned internal standards, then multiplying by the concentration of internal standard added to the sample. Lipid class concentrations were calculated from the sum of all molecular species within a class, and fatty acid com 2.14. Immunohistochemistry 7-mm thick cryosections were obtained using a cryostat (Leica CM 1850) from the aortic roots. Immunofluorescent stainings were performed using the following antibodies: antieMOMA-2 (monocyte/ macrophage marker) (abcam ab33451), antieCD3-Alexa488 (Biolegend 100e210), antiea-SMA (abcam ab5694), anti-P-eIF2a (Invitrogen 144-28G), anti-ATF3 (sc-188; Santa Cruz Biotechnology), IL-1b antibody (abcam ab9722) and DAPI (abcam ab104140). Cryosections were stained with Masson's Trichrome (Bio-Optica), OilRedO (Sigma), FAM/FLICA caspase1 detection kit (Immunochemistry Tech FAM-YVAD-FMK(655) # 97), TUNEL (In situ Cell Death detection Kit, Fluorescenin; Roche 11684795910) and hematoxylin and eosin (H&E). Representative images were taken with a Zeiss fluorescent microscope. Cryosections were stained with H&E stain for morphometric lesion analysis. The total lesion area and necrotic area were quantified using ImageJ software as previously described from 4 sequential sections (60 mM apart, beginning at the base of the aortic root) [23,52e54] .
Foam cell area was calculated from OilRedO stained 4 sequential sections and collagen content from Masson's Trichrome stained sections using ImageJ as previously described [23] . The fluorescent immunostainings were carried out on cryosections that were fixed in cold acetone for 10 min, blocked in %4e6 BSA/PBS with %10e20 species specific serum (compatible with the primary antibody) as previously described [49] . All stained sections were mounted with Fluorosave mounting reagent containing DAPI. Florescent signal calculations: (a) ATF3, P-eIF2a, and FAM/FLICA stainings: the sections were double stained with MOMA-2 to mark the macrophage-enriched area. The Mean Fluorescent Intensity (MFI) corresponding to primary antibody signal was calculated from this MOMA-2 positive area. The background fluorescence of the non-stained area inside the lesion was subtracted from the total MFI corresponding to each signal. Data were quantified as total MFI signal compared with baseline [22, 55, 56] . (b) CD3: The total T cell number (cells/mm2) to the lesion area was quantified from CD3 as previously described [23] (c) other fluorescent stainings was calculated as percentage of MOMA-2, IL-1b, and a-SMA positive-stained area over total lesion area [23, 36] .
Statistical analysis
Results are reported as mean AE SEM. Statistical significance of the results was determined using the Student's t test, one-way ANOVA (for more than two groups) or the ManneWhitney test (for in vivo analysis). P < 0.05 was considered as significant.
RESULTS
The impact of trans-PAO on lipid-induced ER stress and inflammation in macrophages
Cholesterol, phospholipids, and the fatty acid content in these lipids determine the biophysical properties of membrane systems, including the ER. The lipid composition of the ER membranes is sensed through the transmembrane domains of the ER stress sensors and determines their activation status [23, 48] . Previously, we showed that SFA can alter macrophage ER membrane lipid composition and initiate UPR signaling such as by inducing IRE1 oligomerization on the ER membranes [23] . SFA-induced UPR signaling can be counteracted by cis-PAO, which enters and remodels ER membranes [23] . Here, we assessed the impact of trans-PAO on IRE1 oligomerization on the ER membranes and compared to cis-PAO. As expected, cis-PAO treatment significantly reduced IRE1 oligomer formation (as assessed by visualizing green fluorescent protein (GFP)etagged IRE1 foci formation on ER membranes). However, trans-PAO treatment did not alter PAinduced IRE1 oligomerization on ER membranes (P < 0.05, Figure 1A ). While cis-PAO prevented SFA-induced IRE1 activation (as assessed by IRE1 auto-phosphorylation) as expected, trans-PAO treatment did not inhibit lipid-induced IRE1 activation in mouse and human macrophages ( Figure 1B, S. Fig. 1A) . Similarly, cis-PAO, but not trans-PAO, prevented SFA-induced PERK activation (as assessed by PERK auto-phosphorylation) in mouse macrophages ( Figure 1B) , demonstrating trans-PAO does not have an impact on lipid-induced ER stress. Next, we assessed the two PAO isomers' impact on SFA-induced mitochondrial oxidative stress in macrophages side by side. We observed cis-PAO treatment significantly suppressed lipid-induced mtROS generation, but trans-PAO treatment did not (P < 0.001, Figure 1C , S. Fig. 1B ). Taken together, our results show trans-PAO can't prevent SFA-induced organelle stress. These findings thus suggest that trans-PAO and cis-PAO may differ in their biological activities such as inflammation and in their role in atheroprotection. SFA specifically leads to the induction of NLRP3 inflammasome and IL-1b and IL-18 secretion in UPR-dependent manner in both mouse and human macrophages, and this can be blocked by cis-PAO treatment [23, 30, 36, 57, 58] . Therefore, we next investigated whether trans-PAO has an impact on SFA-induced inflammasome activation. We observed that trans-PAO treatment does not abolish PA-induced caspase-1 and IL-1b secretion, which was significantly blocked by cis-PAO in the same experimental set up ( Figure 1D ). Moreover, trans-PAO cotreatment did not prevent PA from inducing inflammatory cytokines such as tumor necrosis factor-alpha (TNFa) and monocyte chemotactic protein-1 (MCP1)/chemokine (CeC) motif ligand-2 (CCL2) in mouse macrophages, but appeared to augment it (P < 0.001; Figure 1E , F). A previous study suggested that cis-PAO increases oxidative respiration and reduces inflammation in macrophages through activation of AMPK. However, both trans-PAO and cis-PAO treatment increased AMPK phosphorylation in macrophages suggesting this is not the mechanism by which these two PAO isoforms differentially impact lipid-induced inflammation in macrophages (S. Fig. 1C ) [59] . These findings demonstrate that unlike cis-PAO, trans-PAO treatment of macrophages does not appear prevent SFA-induced inflammation and it may not impact atherosclerosis in a beneficial way.
The impact of trans-PAO on lipid composition in vivo
In contrast to the epidemiological data linking trans-PAO with beneficial outcomes in CVD, our findings in macrophages suggest that trans-PAO does not prevent organelle stress and inflammation in macrophages stimulated with PA in vitro and therefore trans-PAO may be devoid of the atheroprotective qualities that are attribute to cis-PAO. We next conducted an in vivo study to observe the impact of trans-PAO supplementation on hyperlipidemia-induced inflammation and atherogenesis. For this purpose, 8 week-old male apolipoprotein E-deficient (Apoe À/À ) mice were fed with Western diet (WD) for 16 weeks to induce hyperlipidemia and atherosclerosis development. Starting at 12 weeks of this diet regimen, we administered 1400 mg/kg/day cis or trans-PAO (based on the atheroprotective cis-PAO dosage determined by our earlier experiments [23] ) or vehicle (control group) by oral gavage (Figure 2A ; experimental design). Although incorporation efficiency into various lipid classes in tissues varies for different TFA species, dietary TFA can incorporate into serum lipoproteins and adipose tissue in the form of triglyceride, phospholipids, and cholesterol esters [60] . The effect of dietary trans-PAO on plasma and tissue lipid composition has not been studied before. We investigated the efficiency of trans-PAO incorporation into various lipid classes such as free fatty acids (FFA), cholesterol esters (CE), diacylglycerol (DAG), triacylglycerol (TG) and phospholipid (PL) in plasma and multiple tissues by way of quantitative lipidomics analysis. We observed 4 weeks of trans-PAO treatment increased trans-PAO levels in the plasma of Apoe À/À mice (P < 0.01; Figure 2B ). Trans-PAO treatment did not cause a change in the plasma MUFA/SFA ratio ( Figure 2C ). While trans-PAO concentration in FFA, CE, DAG, TG and PL was higher compared to control (P < 0.05; Figure 2D , E), the concentration of these lipid classes was unaltered in the plasma ( Figure 2F ). Trans-PAO concentration was also increased in many of the PL species without expanding the PL compartment in plasma (P < 0.05; Figure 2DeF ). Additionally, trans-PAO treatment did not impact cis-PAO total concentration ( Figure 2G ) or cis-PAO amount within any major lipid class in plasma ( Figure 2H ). These findings indicate that oral trans-PAO supplementation effectively increases plasma trans-PAO concentration and trans-PAO incorporation into various lipid compartments in plasma. Next, we assessed the lipid profiles from liver, skeletal muscle tissue and adipose tissue of trans-PAO, cis-PAO and vehicle-treated Apoe -/mice. The concentration of trans-PAO or cis-PAO significantly increased in the liver and muscle from the trans-PAO-treated mice or cis-PAO-treated when compared to control (P < 0.05; Figure 3A ,B, S. Fig. 2A, B) . Similar to plasma, trans-PAO treatment did not alter the MUFA/SFA ratio in liver or muscle ( Figure 3C, S. Fig. 2C ), whereas cis-PAO treatment significantly increased MUFA/SFA ratio in liver or muscle ( Figure 3D, S. Fig. 2D ). Trans-PAO amount in the major lipid class (FFA, EC, DAG, TAG, CL, PL) or cis-PAO amount in the major lipid class (DAG, TG, CL, PL) was increased in liver and muscle but without causing an expansion of these lipid classes analyzed in the samples (P < 0.05; Figure 3EeJ and S. Fig. 2EeJ ). The concentration of trans-PAO significantly increased in the adipose tissue, while concentration of cis-PAO did not (P < 0.05; S. Fig. 3A, B ). Trans-PAO or cis-PAO treatment did not alter MUFA/SFA ratio in adipose tissue (S. Fig. 3C,  D) . Trans-PAO amount in the major lipid class (FFA, DAG, TAG, PL) significantly increased in adipose tissue (S. Fig. 3E ) but the amount of cis-PAO in these lipid classes was similar (S. Fig. 3F ). Furthermore, trans-PAO or cis-PAO treatment did not cause the expansion of these lipid classes in adipose tissue (S. Fig. 3G, H) . In conclusion, chronic trans-PAO treatment significantly increased the incorporation of trans-PAO into the major lipid classes (FFA, EC, DAG, TAG, CL, PL) in the tissues but these lipids 0 levels or the overall fatty acid desaturation index (MUFA: SFA ratio) remained unchanged. Cis-PAO treatment significantly increased the incorporation of cis-PAO into major lipid classes in the liver (DAG, TAG, CL, PL) and in the muscle (CE, CL, PL), but not in adipose tissue cis-PAO treatment significantly changed the fatty acid desaturation index in liver and muscle but not adipose tissue.
The impact of trans-PAO on macrophage ER stress and inflammasome activation in vivo
Macrophages form the vast majority of inflammatory cells in atherosclerotic plaques, and they play an important role in the development and progression of atherosclerosis through modulation of cholesterol homeostasis, the immune-inflammatory response, and plaque cellularity [61e63]. Increased ER stress in lipid-laden macrophages has been connected to plaque progression, vulnerability, and rupture and to CAD in humans, whereas suppression of ER stress alleviates atherosclerosis in mouse models [64] . In addition, decreasing ER stress suppresses inflammasome activation in lesion macrophages [23, 36] . Even though cis-PAO suppressed lipid-induced ER stress and subsequent NLRP3 inflammasome activation [23] , trans-PAO could not block SFA-induced IL-1b secretion in macrophages ( Figure 1D ). Hence, we sought to understand the impact of trans-PAO on ER stress and subsequent inflammasome activation in atherosclerotic plaque macrophages in vivo. For this purpose, we stained the macrophage-enriched areas of aortic root and performed immunofluorescence signal intensity analysis for two surrogate markers of UPR, namely phosphorylation of eukaryotic initiation factor 2a (eIF2a) and downstream of eif2a signaling, the induction of the expression of cyclic adenosine monophosphateedependent transcription factor 3 (ATF3). The data confirmed that trans-PAO treatment does not suppress P-eIF2a or ATF3 expression in macrophage-filled (MOMA2-positive) plaque area when compared to the control mice ( Figure 4A,B) . To investigate the trans-PAO's impact on inflammasome activation in vivo, we performed immunofluorescence staining for IL-1b and active caspase-1 in plaque macrophages. We did not find any differences in immunofluorescence staining for IL-1b and active caspase-1 in the macrophage-enriched (MOMA2 positive) plaque regions ( Figure 4C,D) . ELISA analysis of the serum from mice treated with trans-PAO showed no significant differences in systemic IL-1b levels between trans-PAO and control treatment mice, whereas cis-PAO significantly reduces systemic IL-1b levels ( Figure 4E) . These findings show that trans-PAO unlike cis-PAO, does not prevent hyperlipidemia-induced macrophage ER stress and inflammasome activity in plaque areas in vivo.
The impact of trans-PAO on atherosclerosis
We next investigated trans-PAO's role in atherosclerotic plaque development. Our previous studies showed cis-PAO can prevent hyperlipidemia-induced organelle stress, inflammasome activation, and inflammation and reduce atherosclerosis progression. However, in this study we observed that trans-PAO did not prevent PAstimulated and inflammasome-produced IL-1b or other inflammatory cytokine production from macrophages in vitro. In fact, we observed some induction of cytokines with trans-PAO and PA costimulation of the macrophages (Figure 1DeE ). Moreover, trans-PAO could not prevent SFA-induced ER or mitochondrial oxidative stress as cis-PAO does (Figure 1AeC ). Therefore, our findings suggest that trans-PAO may be pro-inflammatory and proatherogenic, in contrast to the published epidemiological studies that imply a beneficial role for trans-PAO in cardiometabolic disease [4,11e13] . While we observed effective trans-PAO enrichment in plasma and tissues of our mice (Figures 2 and 3) , this was not accompanied with significant changes in body weight or blood glucose levels (S. Fig. 4A) . Similarly, cis-PAO treatment in mice did not alter body weight or blood glucose levels (S. Fig. 4A ). We then evaluated the impact of trans-PAO on atherosclerosis development in en face aorta preparations and aortic root sections. To our surprise, we found that trans-PAO treatment did not impact (neither preventing nor promoting) the development of atherosclerotic lesions in lesions in en face aorta preparations, whereas cis-PAO significantly reduces atherosclerosis ( Figure 5A ). Oil RedO staining analysis of the aortic root cryosections also did not show any significant changes in foamy macrophage accumulation in the aortic sinus area whereas cis-PAO significantly reduced foamy macrophages in lesions ( Figure 5B ). There were no significant differences in lesion area or the necrotic core area assessed from the hematoxylin and eosin (H&E)-stained lesions from trans-PAO-treated mice while cis-PAO significantly reduced necrotic core area ( Figure 5C,D) . Macrophage numbers in lesions were not reduced by trans-PAO whereas cis-PAO treatment resulted in significant drop in lesion macrophages ( Figure 5E ). Also, we noted no significant changes in the plasma total cholesterol or total triglycerides or the cholesterol content of lipoproteins between trans-PAO-treated and control mice, but we noted a small but significant increase in the TG amount found in plasma high density lipoprotein (S. Fig. 4BeF ). Vascular smooth muscle cells (SMC), endothelial cells, and immune cells, including lymphocytes, neutrophils, dendritic cells, and macrophages play important roles in the development of atherosclerotic plaques in the arterial wall [64] . Next, we performed immunohistochemical analysis of the aortic root sections from these mice in order to determine the impact of trans-PAO on plaque cellular composition. We observed that total T lymphocyte content did not differ between trans-PAO and control groups ( Figure 6A ). In addition, SMC content (assessed by a-smooth muscle actin staining) and collagen content (determined by Masson Trichrome staining) did not reflect significant differences between the lesions obtained from trans-PAO-treated mice and controls ( Figure 6B and Figure 6C ). Collectively, these findings demonstrate that trans-PAO treatment does not impact atherosclerosis development in mice.
DISCUSSION
Owing to their effects on the plasma lipids, lipoprotein metabolism and inflammation, the quantity and type of dietary fatty acids have a considerable impact on the development of CVD [65] . Whereas MUFA with cis double bond configuration has been consistently associated with beneficial metabolic effects (such as anti-inflammatory, antidiabetic and cardio protective actions) [63] , MUFA with trans double bond configuration are often generated as by-products of industrially processed foods and have been associated with harmful effects on metabolism (such as inflammation and increased diabetes and CVD risk) [66, 67] . An exception to this appears to be ruminant-derived TFA such as vaccenic acid and trans-PAO, which have been associated with beneficial cardiometabolic outcomes [67] . Circulating trans-PAO represents less than one percent of total fatty acids (and significantly lower than cis-PAO levels) in humans. However, studies have shown a significant increase in this minor plasma trans-fatty acid mirrors full fatty dairy consumption and associates with lower TG, atherogenic dyslipidemia, and diabetes incidence [4, 12] . These beneficial attributes of trans-PAO are reminiscent of its isomer's (cis-PAO's) role in preventing insulin resistance, hepatic lipogenesis, and atherosclerosis [13, 23] . Despite having been implied by epidemiological studies as a beneficial TFA, a causal relationship between trans-PAO and metabolic health has not been experimentally demonstrated. In this study, we demonstrated trans-PAO, despite two to three folds enrichment in various tissues, has no direct impact on hyperlipidemia-induced inflammation and atherosclerosis progression in the Apoe À/À mouse model of hypercholesterolemia-driven atherosclerosis. SFA or cholesterol loading of macrophages is known to induce robust ER stress and mitochondrial oxidative stress, upstream of NLRP3 inflammasome activation and IL-1b and IL-18 secretion, resulting in an inflammatory response that drives atherosclerosis progression [23, 36, 59] . Genetic or pharmacological suppression of ER stress, mitochondrial oxidative stress and inflammasome activity reduces atherosclerosis [28,36,49,68e70] . The results of the recent CANTOS trial showed neutralizing IL-1b with a human monoclonal antibody leads to dose-dependently reduction in C-reactive protein (CRP) and IL-6 levels (43% reduction from the baseline) in patients with previous myocardial infarction, providing support for the inflammatory basis of athero-thrombosis in humans [71] . Previous studies in humans also showed chronic cis-PAO administration reduced CRP and inflammation collagen; red: cytoplasm and muscle fibers) (n ¼ 5 per group). In each case, a representative image is shown in left and center, and the quantification of the data appears on the right. Data represents mean AE SEM; NS ¼ not significant. Control versus trans-PAO; Mann Whitney U test was used for statistical analysis. Scale bars: 150 mm.
in humans. Further characterization of cis-PAO in mice demonstrated that this bioactive lipid prevents hyperlipidemia-induced ER stress, inflammasome activation, and inflammation, thereby reducing the progression of atherosclerosis. While trans-PAO has been associated with healthy cardiometabolic indicators in humans, we were surprised to discover that trans-PAO, unlike cis-PAO, could not antagonize SFAinduced organelle stress (as evidenced by unaltered UPR signaling and mtROS production) and inflammasome-induced IL-1b secretion in macrophages. Intriguingly, in cultured macrophages trans-PAO appeared to induce the production of TNFa and MCP1. Our findings are therefore in contrast to the epidemiological studies that have associated trans-PAO with reduced inflammation [12, 72] . Moreover, both of these cytokines were shown to be significantly inhibited by cis-PAO treatment in lipid-stressed mouse and human macrophages [23] . Therefore, in order to evaluate trans-PAO's impact on hyperlipidemiainduced organelle stress and inflammation in an in vivo setting, we administered trans-PAO orally to Apoe À/À mouse model of atherosclerosis. Despite being partially pro-inflammatory in cultured macrophages, chronic trans-PAO treatment in vivo did not enhance nor reduce hyperlipidemia-induced atherosclerosis development in mice. Moreover, orally active trans-PAO did not reduce or induce hyperlipidemia-induced IL-1b levels in the plaques or in the serum of Apoe À/À mice, which was consistent with our observations on trans-PAO's impact on IL-1b secretion in macrophages. In addition, trans-PAO did not alter macrophage accumulation or formation of foamy macrophages or necrotic core in lesions obtained from the aortic roots of Apoe À/À mice. These in vivo findings therefore suggest ruminantderived trans-PAO may not be the beneficial factor found in full fat dairy that appears to reduce the risk for CVD in humans [66] . Similar to our findings, others have shown that another ruminant TFA, transvaccenic acid (trans-18:1ne7), does not alter atherosclerosis development in rabbits and monkeys [73, 74] . In summary, results of this study support the findings from epidemiological studies that show trans-PAO does not increase the risk of CVD in humans, but it also shows that it doesn't possess the anti-inflammatory and atheroprotective properties attributed to its cis isomer. Whether trans-PAO has an impact on increasing insulin sensitivity requires further investigation in a diet-induced obesity mouse model as the Apoe À/mice do not represent a good model to study insulin resistance.
The cis isomer of PAO shows a protective effect against atherosclerosis through a major remodeling of intracellular organelle membranes. Both unsaturated and saturated fatty acids are potent regulators of membrane fluidity in part by their incorporation into phospholipids alters cholesterol affinity and incorporation into membranes [75] . This phenomenon can impact the activities of membrane proteins such as G-protein coupled receptors on the plasma membrane as much as the stress sensor/effector protein on the ER membrane (such as IRE1) [23, 75] . We previously showed that cis-PAO actively incorporates into major lipid classes in mice as well as isolated macrophages [23] . In this study, we observed that orally administered trans-PAO also incorporates into major lipids in plasma and membranes in tissues. Trans-PAO concentration is usually less than 1% of total lipids in humans [12, 13] . Our current lipidomics findings represent the first in depth analysis of trans-PAO in mice, revealing w1% of trans-PAO is found among lipid species in plasma and tissues of Apoe À/À mice (fed with WD), whereas cis-PAO concentration is w10e15 folds more than its trans isomer. These results confirm that trans-PAO levels are significantly lower than cis-PAO isomer in mice. Although trans fatty acids are unsaturated, their pi bonds are not kinked (degree of acyl chain bending) compared to cis pi bonds. Thus, when incorporated into membranes, it is expected that they pack like saturated fatty acids and a smaller pool of trans fatty acids will be incorporated into the membranes [76] . Our data show that oral trans-PAO supplementation in hyperlipidemic mice leads to 2e3 folds trans-PAO enrichment in various tissues and plasma. Oral supplementation with cis-PAO in the hyperlipidemic mice leads to about 1.5 fold enrichment in various tissues. Albeit total trans-PAO levels remain much lower than normal cis-PAO levels, the fold enrichment of the trans isomer (2e3 fold) is bigger than the cis-isoform (about 1.5 fold). While cis-PAO enrichment is merely w1.5 fold in the examined tissues, its impact on inflammation and atheroprotection is profound [23] . The differential action of the two PAO isomers may involve their differential impact on the membrane desaturation index. A noticeable consequence of cis-PAO supplementation is the increase in systemic desaturation ratio in tissues, but trans-PAO treatment doesn't impact the systemic desaturation ratio in plasma or tissues in mice. Differential impact of cis-PAO and trans-PAO on the desaturation index can have important consequences for membranes. It is known that as a result of increased desaturation of membranes cis-PAO prevents SFA-induced IRE1 oligomerization on ER membranes [23] . Consistent with a lack of impact on the desaturation index, trans-PAO does not alter SFAinduced IRE oligomerization on ER membranes [23] . Because this trans fatty acid does not create the degree of acyl chain bending that cis does, the effect of the double bond on membrane physical properties could be greatly diminished [76] . Although our data show that trans-PAO can incorporate into the lipid pools leading to 2e3 fold enrichment of this trans-fatty acid, trans-PAO's effects on membrane desaturation, organelle stress and inflammation are muted due to its structure. Plasma trans-PAO levels are regarded as a circulating fatty acid biomarker of full fat dairy consumption, which is associated with higher HDL-cholesterol and lower triglycerides concentrations [13, 77, 78] . In the present work, we found that chronic trans-PAO treatment did not influence LDL or HDL-cholesterol and triglycerides in plasma. Interestingly, trans-PAO treatment significantly increased HDL-triglyceride in plasma of Apoe À/mice, but this doesn't appear to promote atherosclerosis progression in mice. Our findings show that double bond configuration is critical for PAO's incorporation into lipids and beneficial metabolic properties such as reduction of organelle stress and anti-inflammatory actions that help prevent atherosclerosis. Of the two isoforms that we tested in our studies, only orally active cis-PAO reduced organelle stress, inflammation, and atherosclerosis [23] . Trans-PAO neither prevented nor promoted atherogenesis in mice. Therefore, our findings support previous epidemiological studies that found elevated trans-PAO levels, despite being a TFA, does not increase risk for CVD [79] .
CONCLUSION
Our findings demonstrate the importance of comprehensive and direct investigation of lipids, which have been associated with metabolic benefits in epidemiological studies, in appropriate disease models. The results of our two studies on cis-PAO and trans-PAO will provide useful guidance for future dietary intervention strategies in humans that are based on PAO supplementation. Our findings show trans-PAO is not atheroprotective like cis-PAO but also confirm epidemiological studies that showed trans-PAO does not promote CVD.
